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a b s t r a c t
SrTiO3 nanoparticles were synthesized for the ﬁrst time via a modiﬁed polymeric precursor method.
The samples were characterized by thermogravimetry, X-ray diffraction (XRD), BET surface area, micro-
Raman spectroscopy, ﬁeld emission scanning and transmission electron microscopy (FE-SEM and
FE-STEM), high-resolution transmission electronmicroscopy (HRTEM) andphotoluminescencemeasure-
ments. It is found that calcination atmosphere (air, nitrogen and oxygen) plays an important role of both
crystal size and photolumiscence behavior of the SrTiO3 nanocrystallites. Results show that the pow-
ders obtained in nitrogen/oxygen atmosphere possess controllable particles size of approximately 11nm
presenting the highest photoluminescence emission.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction
Nanostructured materials have been generating tremendous
interests in the past years due to their fundamental signiﬁcance
for addressing some basic issues in fundamental physics, as well
as their potential applications as advanced materials with col-
lective properties [1]. Perovskite-type oxides are some of the
most fascinating materials in condensed-matter research. Stron-
tium titanate, SrTiO3 (STO), is arguably the prototypical member
of this structure family, not only because it can be made to
exhibit a diverse range of unusual properties itself. Moreover, STO
is an important n-type semiconductor with band gap of about
3.2 eV [2], and it has been widely studied not only because of its
variety of outstanding physical properties (stability, wavelength
response, and current–voltage) but also for its practical appli-
cations, such as their high static dielectric constant and good
insulation [3,4], their use in grain boundary barrier-layer capac-
itors [5], resistive oxygen gas sensors [6,7], solar cells [8], solid
oxide electronic device [9], at large scale, as substrate at the time
of growth of thin ﬁlms perovskite compounds [10], and promis-
ing candidate for efﬁcient photocatalysts [11] and photoelectrodes
[12,13].
It is well known that the properties of nanoparticles depend not
only of the synthesis method and chemical composition but also
on their structure, shape, and size. Therefore, the ability to tune the
sizeandshapeof STOparticles is signiﬁcant for fundamental studies
as well as for the preparation of ceramics and composite materi-
∗ Corresponding author. Tel.: +55 16 3373 9828; fax: +55 16 3373 9824.
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als with tailored properties. There were many synthesis methods
applied to prepare pure and doped STO, including solid-state
reaction [14], sol–gel method [15,16], micro-emulsion method
[17], hydrothermal synthesis [18–21], and the polymeric precursor
method [22–24]. Recently, controlled homogeneity of the precur-
sor gel in the synthesis of STO nanoparticles by an epoxide-assisted
sol–gel route was reported by Cui et al. [25]. However, it is found
that the obtained STO nanoscale particles are agglomeration or
have irregular morphology.
Alternatively, microwave assisted hydrothermal method has
been newly developed for the preparation of perovskite based
materials [26–28]. Among these synthetic procedures, the poly-
meric precursor method, also called the Pechini route, offers
interesting advantages such as good control of stoichiometry, easy
reproducibility and mainly, the possibility of obtaining nanometric
particles size [22–24]. It is well established that morphology and
grain size are directly related with the dielectric properties and
polarization of ferroelectric and related materials [29]. Recently,
different researchers obtained nanosized oxide compounds with
different particle sizes and shapes as a result of different calcination
routes [30,31]. They observed that when they heat-treated their
samples in a nitrogen atmosphere at a high temperature prior to
heat-treating at a lower temperature in air or oxygen atmospheres,
they could prevent the crystal growth process of the nanoparticles,
thereby achieving a smaller and narrower particle size distribution.
Xie et al. explained this behavior by the fact that, when the samples
were heat-treated under the nitrogen atmosphere, the organic cit-
rate in the samplewasnotburnedupbutdecomposed intoultraﬁne
carbonpowders,which canencapsulate or isolate thenanoparticles
and prevent their growth during the sintering process [30]. Subse-
quent calcination in air at a low temperature removed the carbon
0254-0584/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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Fig. 1. XRD patterns of SrTiO3 nanoparticles after calcination. The inset shows the
normalized intensity of the (110) diffraction peak.
species completely, resulting in a sample with nanoparticles of less
than 10nm and a high speciﬁc surface area.
Motivated by these considerations, in this paper we report
the synthesis and characterization of STO nanoparticles, with a
remarkable small size and high surface area, obtained by mod-
iﬁed polymeric precursor method. Sample characterizations are
carried out using a variety of experimental techniques. These
includeX-raydiffraction (XRD), surface areameasurements,micro-
Raman spectroscopy, room temperature photoluminescence (PL)
measurements, ﬁeld emission scanning electron microscopy (FE-
SEM) and scanning transmission electron microscope (FE-STEM)
and transmission electron microscope (HRTEM) techniques. Our
aim is to study the effect of the annealing conditions (tempera-
ture and kind of atmosphere) on the nanoparticles’ size, structural
andmicrostructural, aswell as on the luminescence characteristics.
Finally, amechanism to explain the formationof nanoparticleswith
a smaller particle size distribution is proposed. The paper is orga-
nized as follows: Section 2 describes the experimental techniques
and equipments. The results and discussion are presented in Sec-
tion 3. The ﬁnal section of conclusions is a summary of our main
results.
2. Experimental techniques and equipments
The STO powders studied in the present work were synthesized following a
soft chemical method, the so-called polymeric precursors method and details of the
processing have already been published elsewhere [32]. The polymeric precursor
solution was heat-treated at 300 ◦C for 8h at a heating rate of 10 ◦Cmin−1. Then, the
obtained powder was grounded in an agate mortar in order to deagglomerate the
powder, called the “precursor”. Part of the precursor powder was heat-treated at
750 ◦C for 2h in an electric furnace under air atmosphere, applying a heating rate
of 10 ◦Cmin−1; this sample was denoted as sample SAM1. The remaining precursor
powder was heat-treated at 750 ◦C under a nitrogen atmosphere and was denoted
as sample SAM2. The latter sample was then calcined at 400 ◦C for 4h under a rich
oxygen atmosphere (denoted as sample SAM3).
The samples were characterized structurally by X-ray diffraction (XRD) in a 2
range from 20 to 80◦ with a step of 0.020◦ , at a scanning speed of 2◦ min−1, at
room temperature using Cu K radiation (Rigaku, Rotaﬂex RU200B). Raman spec-
Fig. 2. FE-SEM images of SrTiO3 nanoparticles: (a) SAM1 sample and (b) SAM3
sample.
tra were registered at room temperature with a micro-Raman Renishaw R2000
system. The samples were excited with a 632.8nm He–Ne line. The Raman spec-
tra were collected between 1000 cm−1 and 2000 cm−1 and the spectral resolution
stays around 1 cm−1. The surface area of the SrTiO3 nanoparticles was obtained
using a Brunauer–Emmett–Teller (BET) method (ASAP2000, Micrometrics Instru-
ment Corp.). Particle size (dBET) was calculated using the equation dBET = (6/SBET),
where SBET is the BET surface area and  is the theoretical density of the stud-
ied phases. Photoluminescence spectra were collected at room temperature with
a Thermal Jarrel-Ash Monospec 27 monochromator and a Hamamatsu R446 photo-
multiplier. The 350nm exciting wavelength of a kripton ion laser (Coherent Innova)
was used, with the nominal output power kept at 550mW. The morphology of STO
nanoparticles was investigated by ﬁeld emission scanning electron microscopy (FE-
SEM) and scanning transmission electron microscope (FE-STEM) (Supra 35-VP, Carl
Zeiss) operating at 5 kV in SEM mode and 23kV in TEM mode. The mean particle
size was estimated from the analysis of SEM micrographs through the measure of
approximately 100 nanoparticles. The size and morphology of the as-obtained sam-
ples were also determined using a JEOL JEM 2010 URP high-resolution transmission
electron microscopy (HRTEM) operating at 200KeV.
3. Results and discussion
The XRD pattern of the as-prepared STO samples is shown in
Fig. 1. All the diffraction peaks can be indexed to a cubic per-
ovskite structure of STO with lattice constant a=3.90 A˚, which is
in good agreement with the literature value (JCPDS: 35-0734).
The strong and sharp peaks suggest that STO crystals are highly
crystalline. Two peaks of SrCO3 phase (JCPDS: 05-0418) were also
Table 1
Average crystallite size obtained from XRD patterns, BET surface area, BET particle size (dBET) and average particle size obtained from FE-SEM image.
Sample Average XRD crystallite size (nm) BET surface area (m2 g−1) dBET Particle size (nm) FE-SEM average particle size (nm)
SAM1 39 16 73 65±3
SAM2 7 * * *
SAM3 11 83 14 10.8±0.4
* Not measured.
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Fig. 3. FE-STEM images of SrTiO3 nanoparticles: (a) SAM1 sample, (b) SAM2 sample
and (c) SAM3 sample.
Fig. 4. Micro-Raman spectra of samples SAM1, SAM2, and SAM3. The presence of
carbon is detected by the presence of broad peaks at 1362 and 1594 cm−1.
Fig. 5. HRTEM images of: (a) SAM2 and (b) SAM3 samples. The inset in Fig. 5a and
b shows the distance between (110) STO crystallographic planes.
observed at 25.2◦ and 36◦, except in the SAM2 sample. The diffrac-
tion patterns of SAM2 and SAM3 samples displayed broader peaks
with lower intensities than the SAM1 sample indicating that the
heat-treatment under the nitrogen atmosphere produced smaller
crystallite sizes. On the other hand, among the powders calcined
under nitrogen, we found that sample SAM3 present a higher
degree of crystallinity characterized by a higher peak intensity
associatedwitha lower full-width-at-half-maximum(FWHM)than
the SAM2 sample (inset of Fig. 1). Thus, XRD results revealed the
strong inﬂuence of the calcination environment on the degree of
crystallization. The subsequent heat treatment at 400 ◦Cunder oxy-
gen led to the removal of the remaining carbon, which, according
to the literature and thermogravimetric (TG) measurements (not
showed), is released as carbon monoxide and dioxide [33].
The average crystallite size of nanoparticleswas calculated from
the FWHM of (110) diffraction reﬂection using Scherrer’s equation
[34]. The FWHM value of the diffraction peak due to instrumental
broadeningwasconsideredusing siliconpowderasa standard sam-
ple. The BET mean particle size (dBET) was estimated from speciﬁc
surface area (SBET) measured using BET method [35]. Table 1 shows
the average XRD crystallite size, BET speciﬁc surface area (SBET) and
BET particle size (dBET) and the average particle size estimated from
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Fig. 6. Schematic diagram of the mechanism of the formation of SrTiO3 nanoparticles according to the atmosphere and the temperature used during the synthesis (Chen et
al., [30]; Xie et al. [31]).
FE-SEM images of the samples calcined under different environ-
ments. Note that, in comparison with SAM1 sample, the sample
calcined at 750 ◦C in the nitrogen atmosphere and subsequently at
400 ◦C in oxygen atmosphere (SAM3 sample) presents a crystallite
and a particle size signiﬁcantly smaller and a higher speciﬁc surface
area. As it iswell known,many chemical andphysical processes and
properties, such as crystal growth, crystalmorphology, and adsorp-
tion are controlled by the surface energy. Therefore, these results
point out that the particle growth and the reduction of surface area
are inhibited by the heat treatment under nitrogen atmosphere.
The FE-SEM micrographs of samples after thermal treatments
in different atmospheres are presented in Fig. 2. The micrograph
of SAM1 sample calcined in air (Fig. 2a) shows strongly agglom-
erated nonuniform particles with neck formation and coalescence
between thenanoparticles.On theotherhand, as canbeobserved in
Fig. 2b, the sample heat-treated under nitrogen and subsequently
in oxygen atmospheres, i.e., sample SAM3, exhibits quasi-spherical
particles and a sharp nanoparticle size distribution. Although SAM3
sample showed a certain degree of agglomeration, no neck for-
mation or coalescence phenomena were observed in this sample.
Moreover, as can be observed in Table 1, the analysis of FE-SEM
images conﬁrm a signiﬁcant reduction of SAM3 sample average
particle size in comparison to that of SAM1 sample.
In order to support the presence of amorphous carbon around
STO nanoparticles and the reduction on the particle size, FE-STEM
and HRTEM images as well as micro-Raman measurements were
carried in the samples. Fig. 3 shows scanning transmission electron
microscopy FE-STEM images of STO nanoparticles heat-treated at
different atmospheres and temperatures. Like the FE-SEM images
(Fig. 2a), the FE-STEM image of the sample calcined only in air
(SAM1), shows a large particle size distribution and the formation
of necks and coalescence. The FE-STEM image of the sample cal-
cined only under the nitrogen atmosphere (SAM2, Fig. 3b) clearly
shows the formation of carbon agglomerates containing embedded
smaller SrTiO3 nanoparticles.
Fig. 4 shows the micro-Raman spectra of samples. As expected,
the micro-Raman spectrum of SAM1 sample does not display any
peak, due the ﬁrst-order Raman scattering is forbidden in a cubic
structure [36]. On the other hand, the micro-Raman spectrum
of SAM2 sample shows the presence of two broad peaks, D and
G, at around 1360 and 1590 cm−1 that, according to the litera-
ture, are characteristics of amorphous carbon [37,38]. The FE-STEM
image and micro-Raman spectrum of SAM3 sample (Figs. 3c and 4
respectively), shows that the heat-treatment at low-temperature
under oxygen of the nanoparticles previously calcined under nitro-
gen atmosphere removed the amorphous carbon and revealed the
formation of smaller STO nanoparticles, which is consistent with
FE-SEM results.
The structure, morphology and particle size of SAM2 and SAM3
samples were also investigated by high-resolution transmission
electron microscopy (HRTEM). As observed in the XRD pattern of
SAM2 sample, on the HRTEM image of SAM2 sample presented in
Fig. 5a, it is possible to observe that the distance betweenneighbor-
ing planes is around 0.28nm (inset in Fig. 5a), which is consistent
with the (110) plane in the cubic perovskite structure of STO. In
good agreement with FE-SEM and BET results, HRTEM image of
SAM3 presented in Fig. 5b shows the presence of quasi-spherical
nanoparticles with size around 10nm. Moreover, as is shown in
the inset of Fig. 5b, the heat-treatment at low-temperature under
oxygen of the nanoparticles previously calcined under nitrogen
atmosphere does not affect the STO structure.
According to the literature, the formation of agglomerates and
nonuniform particles probably occurs due the excess heat released
by the burnout of organic residues, which promotes partial sinter-
ing of the particles [22,35]. Our FE-SEMand FE-STEM results clearly
indicate that when the same powder precursor was burned under
the nitrogen atmosphere, the organic material was not completely
decomposed, forming carbon agglomerations containing dispersed
STO nanoparticles.
Based on previous works [30,31] and on the results presented
in this paper, we propose in Fig. 6 a schematic diagram for the
formation of STO nanoparticles as a function of the calcination
atmosphere and temperature. The nanoparticles growth was pre-
cluded by the presence of carbon surrounding the particles, which
did not allow the grain boundary to move toward the smaller par-
ticles, preventing their growth and coalescence.
Fig. 7 shows the photoluminescence (PL) spectra recorded at
room temperature for the samples heat-treated in air (SAM1) in
nitrogen atmosphere (SAM2) and in nitrogen atmosphere followed
by a treatment in oxygen atmosphere (SAM3). We can observe that
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Fig. 7. Room temperature PL spectra of SAM1, SAM2 and SAM3 samples.
the intensity of PL emission is higher in the SAM3 sample and lower
for the SAM1 and SAM2 samples.
According to the literature, the proﬁle of the PL emission band
observed in Fig. 7 can be characterized as typical of a multiphonon
process, i.e., a system in which relaxation occurs by several paths,
involving the participation of numerous states within the band gap
of the material, originating from by intrinsic defects of the material
[39–42].
From the structural and morphological point of view, XRD, BET,
FE-STEM and HRTEM results shows that all samples are crystalline
and the main differences between the samples heat-treated only in
air and in nitrogen (andnitrogen andoxygen) are the crystallite and
particle sizes and the surface area. It is expected that the samples
presenting a smaller particle size and a large surface area will then
presents a higher PL emission. This behavior is observed for the
SAM3. However, although the SAM2 sample presents a comparable
particle size, its PL emission is the lowest. The low PL emission
observedon theSAM2samplecouldbe related to the fact thecarbon
embedded the STO nanoparticles. The relative lower intensity of PL
curve of SAM1 sample was attributed to higher particle size and to
the high degree of structural long-range order.
4. Conclusions
We have successfully synthesized the SrTiO3 (STO) nanopar-
ticles by means of a modiﬁed polymeric precursor method at
different calcination atmospheres. The prepared STO nanoparticles
were thoroughly studied by various characterization techniques
aimed at understanding the samples’ spectroscopic properties.
FE-STEM microscopy and micro-Raman measurements indi-
cated that most of the carbon not eliminated during calcination at
750 ◦Cundernitrogencanbeeffectively eliminatedbya subsequent
calcination at 400 ◦C under oxygen.
During the crystallization process, this carbon surrounds the
particle and prevents the grain boundary from moving toward the
smaller particles, limiting the coalescence of particles. A BET and
HRTEM measurements clearly shows that this route enabled us to
increase the speciﬁc surface area of samples in up to ﬁve times
and to obtain particles with an average size of about 11nm. Under
these conditions, a higher photoluminescence behavior is observed
for the sample and a plausible mechanism for this emission is pro-
posed.
This simple and versatile strategy may provide a general way
to obtain nanoparticles with the high surface area a smaller size
reactivity as a precursor to fabricate ternary complex oxides, such
as MTiO3 (M=Ca, Sr, Ba). Then, the synthetic process here can be
extended to other perovskite oxides.
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